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I.  INTRODUCTION 

The study of atmospheric ionization sources has been a topic of con- 

siderable interest for a number of years (see, for example, Rosenberg and 

Lanzerotti (1979) and references therein). Middle-atmospheric ionization due 

to energetic particle or electromagnetic wave penetration affects the propaga- 

tion of VLF communications signals (Potemra and Zmuda (1970)), and Crutzen et 

al. (1975), Thorne (1977) and Reagan et al. (1978) have suggested that minor 

neutral species concentrations might be significantly affected by variations 

in the middle atmospheric energy input. Other effects of magnetospheric and 

extraterrestrial penetrating radiation, including possible influences on 

weather-related phenomena (e.g., Roberts and Olson (1973a, b); Markson (1978)) 

and atmospheric aerosol formation (Mohnen and Klang (1978)) have been dis- 

cussed. 

Galactic cosmic rays, solar X-rays and H-Lyman o emissions, energetic 

solar protons, auroral electrons, and energetic precipitating radiation belt 

electrons and their associated brems Strahlung X-rays have been identified as 

significant middle-atmosphere ionization sources (see reviews by Potemra and 

Zmuda (1970); Potemra (1973, 1974); and Reagan (1977)). For each of these 

ionization sources, attempts have been made to estimate the long-term 

"average" ionization rates as a function of altitude and latitude, as well as 

the variations expected during strong "events." In this report we concentrate 

on evaluating the long-term contribution of precipitating magnetospheric 

electrons to middle atmosphere ionization in the high, middle and low latitude 

regions. The extremely large data set acquired by the S3-2 spacecraft (over 

10 samples per channel) has allowed us to examine the latitude and geographic 

longitude dependence of electron precipitation. For example, we can compare 

precipitating electron fluxes and their atmospheric effects In regions of 

anomalously low surface magnetic field (such as the South Atlantic Anomaly 

(SAA)) to longitudinally averaged values (see Gledhill (1976), Torr et al. 

(1976), and Gledhill and Hoffman (1981) for examples of previous attests at 

observing SAA precipitation features).  The present study comprises the first 



documentation of long-term average electron precipitation over the range 1.1 < 

L < 6.0, with global geographic coverage including resolution of regions such 

as the SAA. 

Gough and Collin (1973), Larsen et al. (1976) and Spjeldvik and Thorne 

(1975, 1976) have discussed the possible importance of midlatitude electron 

precipitation to middle atmosphere ionization. We extend these observations 

to the very low latitude regions and show that while the long-term ionization 

effects of radiation belt electron precipitation are dominated by that due to 

solar H Lyman a during the daytime, electron precipitation can dominate the 

ionization due to scattered H Lyman a radiation at night in the altitude 

region near 80 kilometers, and particularly in regions of anomalously low 

surface magnetic field. 

Direct measurements of the precipitating electron fluxes are extremely 

difficult. As a result, estimates are usually made on the basis of indirect 

analyses. Several alternate methods are: measurement of forward-scattered 

X-ray flux using rocket-borne instrumentation at altitudes below the range of 

directly-penetrating particles; measurement of the fluxes in the drift loss- 

cone and calculation of average loss-rates from the geometry of the atmosphere 

and the drift shell as a function of longitude and local time; measurement of 

life-times of particles in the inner zone (as was done with the Starfish 

electrons) and determining average precipitation rates. The problems with 

these last two methods primarily involve the assumption that the interaction 

with the atmosphere occurs only in the anomaly region and the fact that the 

methods rely heavily on assumptions about the rate of pitch-angle diffusion in 

the drift loss cone. The first method is limited by the fact that rocket 

measurements are made for only a brief interval of time, resulting in low 

statistics and temporally isolated data. Average conditions may be far 

different from the instantaneous conditions which exist during any single 

rocket flight. 

Satellite measurements of the precipitating electron flux should be much 

more useful, since a satellite can make repeated measurements over widely 

varying magnetic conditions, longitudes, local times, etc.  The drawback to 

•Mmw_ — _— 



such a method is basically a problem of background in the sensor. Particles 

precipitating in the region of the South Atlantic Anomaly may have pitch- 

angles very close to those of stably-trapped particles (since those particles 

which just miss interacting with the atmosphere at the longitude of the SAA 

will continue to drift in longitude until something perturbs their pitch- 

angles to lower their mirror altitudes). For practical purposes, the atmo- 

sphere at 100 km can be considered the boundary between zero absorption and 

total absorption, although absorption is an exponential process for which the 

effects in energetic electrons can be readily seen over the range of about 

95 km to 105 km. The stably-trapped particle population in the L region of 

Interest here also includes very energetic protons, E > 50 MeV, which com- 

pletely penetrate the spacecraft, its instrumentation, and any detectors 

attempting to make measurements of the precipitating electron flux. 

o 
In the heart of the inner zone, a 1 cm detector would be penetrated by 

more than 2000 protons per second. Larger detectors would experience a pro- 

portionately larger background. That same detector, with a nominal solid 

angle defined by its viewing aperture, might see an equivalent number of 

electrons with an energy within its passband. These electrons would be almost 

entirely stably-trapped. The proportion of electrons which would be in the 

local bounce loss cone would be down by several orders of magnitude, unless 

there were a strong diffusion process acting upon them (such as occurs in the 

auroral regions and occasionally in the inner zone in conjunction with whis- 

tlers or transmitting stations). Hence, in order to make measurements of the 

precipitating flux, particularly in the region of the SAA, care must be taken 

to discriminate against the penetrating background. 
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II.  INSTRUMENTATION 

The electron data were acquired by a 180° magnetic electron spectrometer 

similar to those described previously (Vampola, (1969)) except that the 

analyzing field was 380 gauss and the aperture acceptance angle was ± 7°. 

Eight differential energy channels had energy centroids at 36, 62, 117, 132, 

176, 217, 267, and 317 keV. The spectrometer was carried on the S3-2 satellite 

which had apogee and perigee altitudes of 1570 and 248 km at launch, an incli- 

nation of 96.3 degrees, and was spin-stabilized at 3 ~pm, with the spin-vector 

normal to the orbit plane. The spectrometer aperture viewed normal to the 

spin vector, enabling pitch-angle sampling well within the bounce loss cone 

virtually all of the time. The data used in this study were acquired during a 

20-month period between December 1975 and August 1977. An on-board magnetome- 

ter was used for determination of loc. 1 pitch-angle for particle studies. 

Since background subtraction is an essential step in this analysis, a 

detailed discussion of the spectrometer and its on-board data processing is 

warranted. Electrons incident through a disc-loaded collimator are focussed 

through 180° upon an array of silicon detectors. Nominal depletion depth of 

the rectangular (1 en n 1.5 cm x 1 mm) dies was 1000 microns. This corre- 

sponds to an energy deposit of about 400 keV for a minimum ionizing particle 

which penetrates 90° to the rectangular area. The highest energy channel had 

a nominal upper limit of 340 keV for electrons focussed upon its detector. 

Each electron channel detector had a set of pulse analyzing electronics which 

was set with a lower threshold of 50% of the nominal lower energy limit of 

momentum focussing for that channel and an upper threshold of 110% of the 

nominal highest energy limit. Energy deposits exceeding this upper threshold 

were considered to be due to penetrating protons and were rejected. A ninth 

detector was shielded from focussed electrons and was used to monitor brems- 

strahlung and penetrating protons (upper threshold set at 350 keV). Protons 

which did not penetrate through the entire thickness of the silicon die pro- 

duced lower energy deposits. These "corner cutters" mimic true electron 

signals.  Geometric considerations indicate that about 5%  of the solid angle 
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subtended by the silicon die provides path-lengths shorter than the minimum 

required for proton rejection. Hence, there is a residual background due to 

penetrating protons which is not eliminated by the on-board processing. 

Techniques for identifying this residual background and eliminating it during 

post-processing were required in order to accomplish the present study. If 

the instrument were in a proton background which produced 10J counts per 

second in the proton monitor, a count rate of about 50 per second uncorrected 

background could be expected in a typical channel. If the precipitating 

electrons produced only a few counts per second in the detector, they would be 

unobservable unless very good statistics were available and the correction for 

this residual background were known very accurately. 

12 
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III.  PROTON CORRECTION 

Approximately 6 * 10 data samples (counts integrated for one second per 

sample) were averaged in which the following criteria were met: proton moni- 

tor count > 100; instrument aperture view angle, when corrected for both 

finite acceptance angle and angular scan, completely within the downward view- 

ing local atmospheric loss cone; count in a typical electron channel < 12Z of 

the proton monitor count. The second condition was imposed to ensure that 

virtually no real electron counts would be present in the data sample, since 

the reflection coefficient for electrons in our energy range mirroring below 

100 km is less than 1% (determined by examining polar region pitch-angle dis- 

tributions during solar flare electron events). For measurements in the eV to 

a few keV range, secondaries and backscattered primaries can be a more 

significant factor (Stamnes (1981)). The third condition was imposed to 

reject samples in which there might be local strong precipitation processes 

operating (as near high-powered VLF stations and their conjugate points). The 

resultant summations of counts in each of the electron channels were normal- 
o 

ized to the integrated proton monitor count (about 2 * 10 total counts). 

Ratios were in the range of .04 to .06 for all channels but one. That one had 

had a failure of the rejection circuitry and the ratio was 1.0678 (which is 

consistent, since it counted not only the regular protons being counted by the 

proton monitor, but also the "corner cutters" which left energy deposits 

within the electron acceptance band). 

The limitation on the validity of the proton corrections is set not only 

by the statistical accuracy of the determination, but also by uniformity in 

responses of both the proton monitor and the electron channels to "corner 

cutting" proton background with variations in the proton energy spectrum. 

Since the specific ionization of a proton traversing a silicon detector 

increases with decreasing energy, the geometric factor for "corner-cutting" 

background protons also decreases with decreasing energy of the incident 

proton. For the conditions of this experiment, the proton monitor response is 

essentially independent of the proton energy spectrum.  However, the minimum 
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energy required for a proton to penetrate the instrument and reach an electron 

detector is 70 MeV, with the average energy being over 100 MeV. In the inner 

zone, the proton spectrum is very hard and does not change radically above 70 

MeV as a function of L. But the spectrum is softer at higher L in the inner 

zone, and a small effect was visible in the analysis. Hence the correction is 

insufficient at the region where the proton spectrum is hardest and is exces- 

sive at the outer edge of the inner zone where the spectrum is softest (due to 

the fact that data from the entire inner zone were averaged in the background 

analysis). The error due to variations in the proton energy spectrum is of 

the same order as the error due to statistics (approximately 0.5% to 1% of the 

background correction for the various channels for the data set used for the 

electron energy deposition measurements). 
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IV.  ELECTRON DATA PROCESSING 

Preliminary analyses using a small portion of the total data set indi- 

cated that the average electron precipitation rate in the South Atlantic 

Anomaly was quite small, corresponding to several counts per second or less in 

an individual detector. Since these "true" counts would also be accompanied 

by uncorrected, though partially correctable, background counts, it was 

decided that the error due to these background counts should be minimized by 

selecting portions of the orbit in which the proton background was very low; 

i.e., the satellite itself should be low on the field line rather than in the 

heart of the inner zone. Selecting only data obtained at low altitude should 

have negligible effect on the electron counting rate since the measured elec- 

trons would be in the local loss cone and previous measurements had shown that 

the loss-cone distribution is essentially Isotropie. Liouville's theorem 

(conservation of density in phase space) predicts that the count rate in the 

loss cone will be independent of altitude. There is a strong dependence of 

proton flux with altitude (because of the long residence time of the energetic 

protons and interactions with the residual atmosphere). Thus, by selecting 

low altitude data, we can reduce Che background contribution while maintaining 

the signal count rate. The limit on reduction of the background by this 

method is set by a requirement for a sufficient number of samples in the data 

set to have sufficiently good statistics for a valid background subtraction. 

By reducing the altitude, we reduce the total number of data samples in our 

set. 

Data samples were included in the electron analysis • only if two condi- 

tions were met: 1) the total count in the proton monitor was less than 20 

(resulting in a background count of less than one in the electron channels); 

and 2) the instrument aperture direction, when corrected for finite acceptance 

angle and angular scan during the sample period, included only pitch-angles 

corresponding to a mirror location at or below 100 km on this half-bounce 

period (i.e., the instrument was looking up the field line at locally precipi- 

tating particles).   Figure 1 presents the average precipitation electron 

15 
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Figure 1.  Energy spectrum of Che average quiet-time electron precipitation 
in the region of the South Atlantic Anomaly. 
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spectrum for the South Atlantic Anomaly. For these data, a requirement was 

placed that the 100-km point on the field line in the local hemisphere be 

between 265° and 355° east longitude and between -50° and -17° latitude. The 

background correction had sufficient statistical accuracy to provide a residu- 

al error of less than 1%. The spectrum probably becomes flatter at lower 

energies. The lowest energy channel, 36 keV, measured an average flux of 23 

e /cm -sec-ster-keV. However, this channel and two others (62 and 132 keV) 

occasionally responded to noise produced by voltage breakdown in another 

instrument on the satellite. The correction for this on-board "coherent" 

noise is good to about 10%. The correction was made by plotting the channels 

and visually estimating the average interfering count rate. When this 

"coherent" noise source is present, it is frequently in the hundreds of counts 

per second range in the first two channels (tens of counts per second in the 

132-keV channel). Since the instantaneous corrections are significant com- 

pared to average true fluxes in these channels, we feel that the confidence 

that can be placed in those channels in this analysis (where an exceptionally 

accurate background correction must be made) does not warrant including them 

in Figure 1. The "measured value" for the 36 keV electrons is lower than an 

extrapolation of the spectrum of Figure 1 (23 vs 39.6 for the extrapolation). 

We feel that this difference can be taken as an indication that the spectrum 

probably flattens out at lower energies but the confidence level of the result 

does not warrant a quantitative conclusion. AE-C data obtained in the anomaly 

region in 1976 show that the energy spectrum of 0.2 to 27 keV electrons is 

harder than the one we measure for an average flux at higher energies 

(Gledhill and Hoffman (1981)). Their discrete spectra fit power-law curves 

with exponents in the range -0.96 to -1.18. In their energy range, there is 

probably a significant component of secondary and backscatter electrons from 

the opposite hemisphere. The individual spectra merge with our average 

spectrum surprisingly well. For all of the data presented here, with the 

exception of the 36 keV channel plots of Figure 2, which are presented for 

comparison purposes, the known error limits due to background corrections and 

the statistical uncertainty in those corrections is less than 5Z. In general, 

the other channels are consistent with the results presented here. 

17 
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AVERAGE e" PRECIPITATION 

Figure 2.  Average quiet-time electron precipitation as a function of L. 
Data are averaged over all longitudes.  The relative peak near L-2 
is probably due to enhanced precipitation caused by ground-based 
VLF transmitters (Vampola, 1977). 
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V.  RESULTS 

The spectrum presented in Figure 1 can be integrated to determine the 

total average precipitated energy flux.  The total energy flux above 45 keV is 

1.01 x 10~3 ergs/cm2-sec. If, instead of extrapolating the spectrum of Figure 

1 down to 45 keV, one makes the extreme assumption that the spectrum is 

completely flat between 45 keV and 100 keV, the integrated energy flux is 

8.2 x 10~* ergs/cm2-sec, only a reduction of 19X from the other estimate. 

Thus, the energy integral is not very sensitive to the shape of the spectrum 

below 100 keV. Both of these integrations assume that there is no significant 

flux above 1 MeV (based on higher altitude measurements of the trapped flux). 

Figure 2 presents plots of average precipitated flux as a function of L. 

For these plots, the precipitated flux was averaged over all longitudes, even 

though most of the flux was actually observed precipitating in the region of 

the South Atlantic Anomaly (Figure 3). The plots show that precipitation is 

consistently greater in the southern hemisphere than in the northern. The 

increase in precipitation at very low L in the northern hemisphere in the 36 

keV channel is probably partially due to degraded higher energy electrons and 

secondary electrons emerging from the SAA. The enhancement around L«2 in all 

channels is probably due to VLF transmitter effects (Vampola and Kuck (1978); 

Koons et al. (1981); Imhof et al. (1981)), even though the data selection pro- 

cess would have edited out any data samples in which strong local precipita- 

tion was occurring. 

Figure 3 is a pseudo-3D plot of the average precipitation energy flux as 

a function of longitude and latitude in the SAA. Lines of constant L and 

constant B at 100 km are included. The peak energy flux is about 2 x 10 ' 

erg/cm -sec. Data were summed in 3° x 3s longitude-latitude bins for this 

plot. The energy integral was obtained by assigning the measured electron 

flux in each acceptable channel to an energy width which was symmetrical 

around the nominal channel energy and extended half way to the next energy 

channel; that is, a histogram energy spectrum was generated from the measured 

data and summed.  Fluxes below 67 keV and above 340 keV were arbitrarily 
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Figure 3. Pseudo 3-D plot of the energy flux of electrons precipitated in 
the region of the South Atlantic Anomaly. Only quiet-time data 
are included. 
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assigned a value of zero.  The error in energy flux due to zeroing out fluxes 

above 340 keV is less than 10%. 

Figures 4 and 5 are plots of energy deposition as a function of East 

Longitude for L values of 2.0 - 2.25 and 4.0 - 4.25, respectively. Separate 

curves are presented for the northern and southern hemispheres on each plot. 

Also, the magnitude of the magnetic field at 100 km altitude, B^QQ, is plotted 

as a function of longitude for comparison purposes. The energy flux maximizes 

in the same hemisphere as the minimum B^QQ for both L intervals. However, 

there is only about a factor of 3 difference in energy deposition rate between 

the north and south latitudes at longitudes where the difference in BJQQ is 

large. The ratio of northern to southern energy deposition can be taken as an 

indication that perhaps as much as 50% of the electrons pitch-angle scattered 

in the northern hemisphere mirror above the atmosphere and then are lost in 

the other hemisphere. If pitch-angle scattering were a slow diffusion process 

(e.g., Lyons et al. (1972), Lyons and Thorne (1973)), we would expect vir- 

tually all of the energy deposition to occur in the hemisphere with the lower 

B field at 100 km. The atmosphere in the hemisphere with the higher B^Q 

would receive only backscattered electrons from the lower B^QO hemisphere (at 

most a few percent for these energies). This is clearly not the case. Hence, 

we can state that electron pitch-angle scattering involves scattering in 

discrete events rather than a diffusive process. 

Figures 6 and 7 present plots of precipitating electron flux as a 

function of local time for various energy channels for the intervals 6 < L < 9 

and 9 < L < 13. At these latitudes, local time rather than longitude is the 

controlling factor. In contrast to the data of Figures 1-5, these 

precipitation data include intense events. Correction for bremsstrahlung 

background was accomplished by subtracting counts obtained while the aperture 

was oriented in the downward looking loss cone from the counts obtained while 

the aperture was oriented in the upward looking loss cone. Since there is a 

small backscattered flux component in the upcoming direction, these data 

represent a net precipitation flux (absorbed by the atmosphere) rather than 

the total downgoing flux. The difference between north and south fluxes was 

smaller than the statistical and temporal variations between different data 
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ec ) as Figure 4.  Plot of precipitating electron energy flux (keV r »~2 sec »J 
function of longitude for both the northern and southern hemi- 
spntres in the interval 2.0 < L < 2.25. The ma netic field 
intensity at 100 km, BJQO» ls also plotted for comparison.  The 
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essentially all of the energy'Seposition would occur in the 
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Figure 5.  Plot similar to Figure A, but for the interval 4.0 < L < 4.25. 
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Figure 6.  Plot of the average intensity of precipitated electron fluxes in 
several energy intervals as a function of local time« Data were 
averaged for all longitudes and latitudes corresponding to the 
region 6 < L < 9. Data include strong precipitation events. 
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Figure 7.  Plot similar to Figure 6, but for the region 9 < L < 13.  This 
region is beyond the outer zone limit for more energetic electrons 
most of the time. 
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sets in the same hemisphere, so both north and south fluxes were averaged 

together. Note that although these are average fluxes, a typical data sample 

had either virtually no flux or a fairly high flux, since the outer edge of 

the outer zone tends to be a region of intense precipitation with virtually no 

flux outside this region and only weak precipitation inside it. The variabil- 

ity in location of this outer edge produces the large scatter in the amount of 

precipitating flux observed in a given data sample. Still, significant local- 

time and L dependences are apparent in the statistical data set. The average 

precipitating flux at all energies is lower in the 9 <. L < 13 interval than ia 

the 6 < L < 9 interval because the outer edge of the outer zone tends to be 

within the lower interval. Note that the higher energy electrons, 176 keV and 

217 keV, are almost at background level in the 9 < L < 13 interval. Electrons 

observed in this interval are predominantly low energy electrons. 

To this point we have described the latitudinal, zonal, and geographic 

dependence of the long-term average energy flux due to radiation Oeit electron 

precipitation, as well as the spectral variation over 1.1 < L < 6.0. In order 

to make a reasonable assessment of the relative importance of electron precip- 

itation as an atmospheric ionization mechanism we must also look at the 

altitude dependence of the ionization rates expected from the observed elec- 

tron spectra. These ionization rate profiles in altitude can then be compared 

with other estimates of long term average ionization rates due to competing 

processes at equivalent altitudes and latitudes. Here we specifically compare 

our estimates of precipitating energetic electron ionization rates to those 

due to direct and scattered solar H Lyman a and galactic cosmic ray*, and to 

previous estimates of midlatitude precipitating electron ionization rates. 

The altitude profile of ionization rates due to a given precipitating 

electron spectrum can be calculated knowing the altitude dependence of the 

electron energy loss (e.g., Rees, 1963; Berger et al. , 1970, 1974; Walt et 

al., 1969; Banks et al., 1974; Luhmann, 1976). The ionization rate is com- 

puted from the electron energy loss profile by assuming that one electron-ion 

pair is produced for each 35 eV of incident electron energy loss. We have 

used the approximate analytic technique described by Luhmann (1°76) to 

determine the ionization rate profiles due to a primary incident electron 

spectrum, and have also calculated the low-altitude ionization rates due to 

downward-propagating bremsstrahlung X-rays (Luhmann (1977)). 
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Fxgure 8 shows ionization rate profiles for incident spectra representing 

zonal averages of the electron precipitation at L * 2, 4 and 5.75, along with 

an average over the South Atlantic Anomaly region defined earlier in this 

report. The peaks near 75 - 90 km altitude are due to primary electron energy 

deposition, whereas the secondary peaks near 35 - 45 km are due to 

brems Strahlung X-ray penetration. As expected from the spectral variations 

shown in Figure 2, the magnitude and peak altitudes of ionization are rather 

L-dependent. Generally, the magnitude of the ionization rate increases with 

increasing L due to the stronger precipitation at higher latitudes, while the 

altitude of the peak ionization increases with increasing L, due to a 

softening of the precipitating spectrum toward higher latitudes. The SAA 

average spectrum is somewhat harder than the L=2 average, so SAA precipitation 

penetrates deeper into the atmosphere and can lead to more enhanced ionization 

from bremsstrahlung at low altitudes. 

Two of these ionization rate profiles are reproduced in Figure 9, where 

they are compared with estimates of the ionization due to direct and scattered 

solar H Lyman a and galactic cosmic rays. The cosmic ray ionization is shown 

for a variety of latitudes, and for solar maximum and minimum periods. The 

solar H Lyman a ionization estimates are from midlatitude rocket measurements 

of the resonance fluorescence of nitric oxide (Meira (1971)). Interpretations 

of these data by Meira (1971) and Strobel (1972) are both plotted in Figure 9 

(partially reproduced from Rosenberg and Lanzerotti (1979)). 

While cosmic ray ionization certainly dominates long-term midlatitude 

electron precipitation below about 65 km altitude, electron precipitation can 

be an important ionization source in the 70 - 80 km range, where it even com- 

petes with the direct H Lyman a estimates. It appears that electron precipi- 

tation dominates the effects of scattered H Lyman a at all latitudes, and can 

therefore be of principal importance in maintaining the nighttime D-region of 

the ionosphere. It should be noted in comparing these quantities that the 

precipitating electron results presented here represent average "background" 

values, and that "events" can instantaneously produce much larger precipi- 

tating fluxes (e.g., Andreoli, 1980). 
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Figure 8.  Plots of Ionisation rates as a function of altitude for the 
average electron precipitation spectra shown in Figs. 1 and 2. 
The peak around 80 km is due to the primary electrons, whereas the 
secondary peak around 40 km is due to bremsstrahlung X-rays. 
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Figure 9.  Comparisons of the lonlzation rate as a function of altitude for 
the electron energy spectrum of Figure 1 and the energy spectrum 
at L-4 from Figure 2 with lonlzation rates due to solar H Lyman a 
and galactic cosmic rays. For altitudes near 65 km, the direct 
electron precipitation lonlzation rate can exceed those of the 
other sources. 
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In Figure 10, we compare our zonal average midlatitude (L-4) results with 

previously published results from both rocket and satellite data. Potemra and 

Zmuda (1970) produced three models for precipitating electron spectra repre- 

senting the range of intensities and hardness of available satellite and 

rocket data in midlatitudes. Their model A fits the upper range of the avail- 

able data while models B and C represent less active conditions. Also shown 

in Figure 10 are other rocket (Tulinov et al. (1969)) and satellite (Manson 

and Merry (1970)) estimates of ionization, presented by Potemra (1973). As 

expected, the midlatitude (L-4) zonal average results from the present study 

fall within the brackets of Potemra and Zmuda's extreme models, and probably 

give a better long-term average representation of midlatitude electron 

lonization. 

30 

1 



. _ 

lONIZATlON RATE (ion pairs cm"3sec"11 

Figure 10. Comparison of the lonlzatlon rate as a function of altitude of the 
average L-A spectrum from this work vith measurement and estimates 
of the lonlzatlon rate from other satellite and rocket data. 
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VI.  SUMMARY 

We have analyzed a very large set of energetic electron data at mid- and 

low latitudes from the low altitude polar orbiting S3-2 spacecraft. The size 

of the data set has allowed good statistical sampling in latitude and longi- 

tude, and good coverage of local features such as the South Atlantic Anomaly. 

A great deal of effort was expended to accurately discriminate precipitating 

electron observations from the penetrating background signal. 

The data were organized in longitude-latitude bins, and longitude-L bins, 

with northern and southern hemisphere data separated. Precipitation enhance- 

ments in the region of the South Atlantic Anomaly were observed, with the 

maximum precipitation occurring along the trough of anomalously low surface 

magnetic field extending south and east of the SAA. Maximum precipitation 

rates in the region of the SAA are on the order of 10 erg/cm sec with a 

characteristic spectrum of the form j(E) - 1.34 x 105 E~2,2 (keV) e~/cm2 sec 

ster keV. Southern hemisphere precipitation dominates that in the north 

throughout the latitude range 1.1 < L < 6.0 except in local regions of low 

surface field in the northern hemisphere. The precipitating spectrum softens 

considerably toward higher latitudes (L > 4). 

Altitude profiles of the atmospheric ionization expected from the 

observed precipitating spectra were computed and compared to other sources of 

ionization. Ionization from midlatitude electron precipitation maximized in 

the altitude range 70 - 90 km, and can be comparable in those altitudes to the 

ionization due to direct solar H Lyman a. At night, electron precipitation 

Ionization is more than an order of magnitude larger than that expected from 

scattered H Lyman a. Galactic cosmic ray ionization dominates at altitudes 

below about 65 km at all latitudes. 

Results of this analysis were shown to be consistent with previous 

observations of midlatitude electron precipitation where comparisons were 

applicable. This report presents a "long-term" representation of midlatitude 

electron precipitation, with a strong statistical base and good geographic 

coverage. 
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